The giant freshwater prawn (GFP) is one of the most critical crustacean species cultured in Southeast Asia. Investigation of the genetic structure of current commercial stocks allows GFP breeding programs to better manage crosses and germplasm banks as well as to promote the rational use of GFP. The objective of the study was to characterize genetic diversity in diverse prawn populations with emphasis on those cultured in China. Seventeen microsatellite loci, including 12 novel loci derived from GFP transcriptome data, were screened to assess genetic diversity in one wild (Myanmar) and six cultured populations (i.e., four Chinese (Zhejiang, Guangxi, and Guangdong A and B), one Malaysian, and one Thai population). The results showed that the number of alleles per locus ranged from 3 to 18. The mean observed heterozygosity (0.363 ± 0.048) was less than the expected heterozygosity (0.637 ± 0.048). The mean values of polymorphism information content among the seven populations were >0.5 (ranging from 0.110 to 0.915). These cultured populations exhibited reduced genetic diversity when compared with that of the wild population. Pair-wise genetic differentiation ranged from 0.006 to 0.131 within the seven populations. The dendrogram of the genetic distance shows that the six cultured populations were distributed on the same major branch, suggesting that they have are genetically close, whereas the wild population was distributed on an independent branch. The results provide a basic assessment of genetic diversity in some available stocks and lay a foundation for future research efforts toward genetic monitoring and selective breeding.
INTRODUCTION
The decapod crustacean, giant freshwater prawn (GFP) Macrobrachium rosenbergii, also known as the Malaysian prawn or giant river prawn, is a commercially important species. It is also an important wild capture fishery species, particularly in Southeast Asia, with global production exceeding 216,856 tons in 2014 (Schneider et al., 2012 ; Food and Agriculture Organization of the United Nations [FAO], 2018) . The natural distribution of GFP extends from Southern Vietnam in the east to Pakistan in the west, across Southeast Asia, Southern to Northern Australia, and New Guinea and some Pacific and Indian Ocean Islands (Chand et al., 2005) . With the development of modern culture techniques for GFP in 1959 at the Malaysian Fisheries Research Institute (Ling, 1969) , the culture of GFP has rapidly expanded to areas outside the native range of this species. For instance, in 1965 and 1966 , some individuals were imported to Hawaii of the United States from Penang, Malaysia (Fujimura and Okamoto, 1972) . In 1976, a few GFPs were introduced into mainland China (Yang et al., 2008 (Yang et al., , 2012 Thanh et al., 2015) . The introduction and development of this species form a significant part of aquaculture industry worldwide, especially in mainland China where the production of GFP is currently the highest globally. However, several critical issues, such as slow growth rate, size variation at harvest, disease, and deterioration of pond environment, affect the development of GFP farming industry (Chareontawee et al., 2007) . Additionally, genetic deterioration in most hatchery stocks due to inbreeding might also affect the culture period, economic returns, and natural ecosystems (Thanh et al., 2015) . These factors, particularly those involved in genetic degradation, hinder the sustainable development of this species. Thus, a breeding program and a strategy for proper conservation of this species are required.
Understanding genetic diversity in the species is critical for developing conservation strategies. Recognition of particular genetic diversity will also enable informed choice in breeding plans regarding the selection of genetically diverse brood-stock and the maintenance of genetic diversity in various stocks. Nowadays, the application of genetic markers has allowed rapid progress in the investigation of parentage assignments, genetic variability assessments, inbreeding determination, and species identification of commercially important candidate aquaculture species (Liu and Cordes, 2004) . A few genetic studies have focused on GFP diversity, using allozymes (Hedgecock et al., 1979) , mtDNA , microsatellite (Charoentawee et al., 2006; Chareontawee et al., 2007; Divu et al., 2008; Schneider et al., 2012; Mohanty et al., 2013; Sun et al., 2015; Thanh et al., 2015) , and single nucleotide polymorphisms (SNP) (Jung et al., 2014; Agarwal et al., 2016; Alam et al., 2017) . Of these DNA markers used to examine genetic variation in populations, the microsatellite marker is the most suitable and preferred marker for genetic structure and conservation studies (Weber and May, 1989; Jarne and Lagoda, 1996; Vieira et al., 2016; Manechini et al., 2017) . However, to date, the microsatellite resources of GFP remain deficient. Only approximately 54 pairs of microsatellite markers have been utilized to analyze genetic diversity of the species (Chand et al., 2005; Charoentawee et al., 2006; Divu et al., 2008; Mohanty et al., 2013; Thanh et al., 2015) . This has become a major obstacle to understanding the genetic background and diversity of wild and cultured GFP populations. In the present study, we aimed to develop and characterize novel microsatellite markers in the GFP population and to investigate genetic diversity in one wild and six cultured populations for a clear understanding of genetic levels of several lines and to support future genetic management and brood-stock selection activities.
MATERIALS AND METHODS

Sample Collections and DNA Extraction
A total of seven populations were investigated in this study. The cultured populations were sampled from six farms located in Zhejiang, Guangxi, and Guangdong Provinces of China; Ayutthaya, Thailand; and Kuala Lumpur, Malaysia, which represent the major hatcheries from that region. The wild population was collected from the Yangon River of Myanmar (Figure 1 and Table 1 ). Thirty adult prawns of each population were collected for genetic diversity analysis. All individuals were preserved directly in 95% ethanol and taken to the laboratory. Whole genomic DNA was then extracted using the E.Z.N.A. TM MicroElute Genomic DNA Kit (Omega Bio-Tek, Guangzhou, China) following the rapid phenol-chloroform protocol adapted from the standard procedure. The quality of extracted DNA was examined by running the sample on 0.8% agarose gel. The present study, in addition to its protocol, was approved by the Ethics Committee of Animal Experiments of Pearl River Fishery Research Institute before it began. All efforts were made to minimize the suffering of the GFPs.
Microsatellite Markers and Genotyping
Twelve novel microsatellite sequences and primers of M. rosenbergii were obtained from GFP transcriptome data sources according to the method used for other species (Yu et al., 2015 ; Supplementary S1 and Table 2 ). Five previously known microsatellite loci were also used in this study ( Table 2 ; Mohanty et al., 2013; Sun et al., 2015; Thanh et al., 2015) . The 5 end of each forward primer was labeled with fluorescent dye (6-fluorescein amidite, HEX, or TAMRA). Multiplex polymerase chain reaction (PCR) was carried out using a 30-µL reaction mixture containing 1 U Tap DNA polymerase, 1 × PCR buffer, 0.3 mM dNTP, 0.3 µM each of forward and reverse primers, and 100 ng DNA template. The steps of PCR and genotype detection were the same as those described in the preceding subsection except the annealing temperature, which in multiplex 1 was 58 • C, multiplex 2 was 52 • C, and multiplex 3 was 60 • C.
Amplified products were resolved via capillary electrophoresis using an ABI 3730xl DNA analyzer (Applied Biosystems). The size of fragments was determined using GeneMapper R software version 3.5 (Applied Biosystems) by comparison against the GenScan TM 500 ROX TM (Applied Biosystems) internal size standard.
Statistical Analyses
Commonly derived statistics from the microsatellite genotypic data including the allele frequency, observed number of alleles (No), observed heterozygosity (H O ), expected heterozygosity (H E ), and polymorphic information content (PIC) were calculated using the Microsatellite Toolkit for each locus and population (Park, 2001) . The Hardy-Weinberg equilibrium test was carried out using the GENEPOP computer program (Raymond and Rousset, 1995) , which was also used to estimate F statistics (F IT , F IS , and F ST ) (Weir and Cockerham, 1984) for each Sample name refers to location in Figure 1 .
locus and the pairwise F ST between populations. Nei's genetic distance (D A ) (Saitou and Nei, 1987) between populations was measured using the Microsatellite Analyzer (Dieringer and Schlotterer, 2003) . The neighbor-joining (NJ) tree was generated using MEGA 5.0 software based on D A (Nei, 1987) to reveal the genetic relationships among the populations collected in the present study. The model-based approach for the population structure test of the seven prawn populations was carried out with the software STRUCTURE 2.3.1 (Pritchard et al., 2000) , which assessed genomic clustering (K) of the sample. To obtain a representative value of K for data modeling, seven independent runs were performed for each value from one to seven. The run length was set to 100,000 burn-ins followed by 100,000 iterations. The K estimated the most likely number of K that represented the population structure (Evanno et al., 2005) . Principal component analysis (PCA) was performed using GENALEX v.6.501 software (Peakall and Smouse, 2006, 2012) in order to spatially plot clusters and individuals based on the distance matrix with data standardization.
RESULTS
Characteristics and Polymorphism of Microsatellite Loci
A polymorphism test of 12 novel loci was performed using the GFP populations. These markers comprised three hexanucleotide (Mr034642, Mr041463, and Mr036095), two Mohanty et al., 2013; Sun et al., 2015 and Thanh et al., 2015. tetranucleotide (Mr041668 and Mr018861), and one dinucleotide units (Mr044258), whereas the other contained trinucleotide units. Among five previously known makers, there were one complex repeat (W24), one dinucleotide repeat (Y7), and two trinucleotide units (EMR-55, Y6, and Y16). Seventeen loci were selected to investigate the genetic structure of cultured and wild GFP ( Table 2) .
Polymorphism was apparent at all the microsatellite loci in the seven GFP populations. The allele frequency at each locus in all the populations is shown in Figure 2 . The genetic characteristics of the 17 microsatellite loci are listed in Table 3 . The average Na was 8.94. The actual number of alleles ranged from 3 (Mr018861) to 18 (Y6). The average Ne ranged from 1.128 (Mr04146) to 12.570 (Y6), with an average across loci of 3.959. The PIC value ranged from 0.110 (Mr041463) to 0.9149 (Y6), with an overall average of 0.591. All the selected microsatellite loci were sufficiently polymorphic, indicating that these loci were suitable for the genetic analysis of GFP populations. The He among the seven microsatellite loci ranged from 0.077 (Mr041463) to 0.886 (Y6). The Ho among all the microsatellite loci ranged from 0.114 (Mr041463) to 0.923 (Y6), with an average of 0.637 (Table 3) .
Genetic Variability Among Intra-and Inter-Populations
The genetic polymorphism, including the Ho, He, PIC, and mean Na and Ne, were counted to assay the allelic diversity at each locus and each population. The results of 17 loci for the seven GFP populations are listed in Table 4 and Supplementary Table  S1 . The Ho varied from 0.313 in GX to 0.377 in AY and GDB, whereas the He varied from 0.569 in GX to 0.630 in YG. The PIC ranged from 0.503 in GX to 0.581 in YG. The mean Ho of all the populations at the 17 loci was lower than the He, and the PIC values were all >0.5. The YG population displayed the highest values of Na, Ne, I, He, and PIC. The GX population had the smallest value among all the genetic parameters.
The evaluation of genetic differentiation among the seven populations, using the genetic differentiation (F ST ) and D A between populations for comparison, are provided in Table 5 . The F ST of each population pair was highly statistically significant Frontiers in Marine Science | www.frontiersin.org (P < 0.05). The GDB population presented the highest F ST as to the other population, whereas the F ST value was the smallest for pair-wise comparisons between the KL and GDA populations. The F ST values of the remaining population pair ranged from 0.018 (for the GDA and AY population pair) to 0.071 (for the YG and KL population pair). The genetic distance between GDA and YG was the highest (0.274), and the minimum distance was observed between YG and GDA (0.031). The Analysis of Molecular Variance (AMOVA) indicated that 7.772% of the total variance was between the groups (i.e., wild and cultured populations), whereas 3.869% of the total variation and 8.218% of the variation belonged to differences among populations and within populations, respectively ( Table 6 ).
Population Differentiation Analysis
The D A of these seven GFP populations was calculated, and the D A distance matrix was utilized to construct the NJ tree.
Chinese cultured populations (GX, GDA, ZJ, and GDB) and the other cultured populations (AY and KL) were gathered together in a single major category. Among them, the GDA and AY populations were close to each other. YG of the wild population was clearly depicted as an independent taxon from the cultured populations (Figure 3) . The PCA of pair-wise genetic distances in the seven populations was employed to represent the relative position of the individuals and populations. The first PC1, second PC2, and third PC3 accounted, respectively for 4.35, 3.47, and 2.9% of the total variation (Figure 4) . The PCA result was similar to those of the phylogenetic tree drawn using the NJ method. The cultured populations were grouped in a cluster, whereas the wild population formed a distinct group. The STRUCTURE software program using Bayesian modelbased clustering algorithms of multi-locus genotypes was employed to assign individuals into populations by estimated individual admixture proportions and to infer the number of populations (K) for a given sample. When all the seven populations were separated into two parts (K = 2), one included four populations (i.e., AY, GX, GDA, and ZJ) and the other included three populations (KL, YG, and GDB). When K = 3, all the populations were divided into three parts, the first one included three populations (AY, KL, and GDB), another also included three populations (GX, GDA, and ZJ), whereas the wild population (YG) was in an independent group (Figure 5) . At K = 4, the GDB population was separated into a new branch, whereas the AY population was disordered with no clear structure. However, no new bunch appeared, and the figures were not much different for values of K > 5 (Supplementary Figure S1) . Based on the above results of STRUCTURE and the phylogenetic tree, the best K-value was 3.
DISCUSSION
There were 12 novel SSR loci that were obtained in the study. Among these markers, several hypervariable loci in the GFP population, including Mr08289 and Mr001327, were found (Table 2), which had been previously obtained in this species (Chand et al., 2005; Charoentawee et al., 2006; Divu et al., 2008; Mohanty et al., 2013; Thanh et al., 2015) . These complex loci might be beneficial for the analysis of populations due to their excellent diversity. Besides these novel loci, five known markers with hypervariable loci were also utilized in this study to examine the alleles of the GFP populations to better estimate genetic diversity. The mean values of Na, Ho, He, and PIC across all the markers were 8.94, 0.363, 0.637, and 0.591, respectively. Previous studies have suggested that microsatellite markers used in studies of genetic variation and distance should have Ho values between 0.3 and 0.8 in the population, and the Na value should be at least five alleles in order to reduce the standard error of the distance estimates (Excoffier and Lischer, 2010; Lai et al., 2018) . Our results suggested that the complexity of all the SSR markers utilized in the current study made them suitable for assessing the genetic structure of the GFP. Information on genetic structure and connectivity of populations is critical for sustainable harvest of populations and the administration of diversity. A major finding of the study was the recognition that diversity in the cultured populations was low when compared with that in the wild population. The results showed that all the cultured populations had relatively low levels of genetic diversity, which was less than that reported previously (Chareontawee et al., 2007; Schneider et al., 2012) , especially in genetic parameter comparison (Supplementary Table S1 ) using these published microsatellite loci (i.e., EMR-55, Y7, Y16, and W24) except Y6 (Sun et al., 2015; Thanh et al., 2015) . The situation regarding the genetic background of GFP is a concern for the future. This might have several potential reasons, such as null alleles (Van Oosterhout et al., 2004) , random genetic drift, founder effects, and artificial and natural selection in the cultured environments (Lacy, 1987; Thanh et al., 2015) . Furthermore, it was probably caused by a rapid decline in wild stocks due to over harvesting, habitat loss, and increased population (Ng, 1997; New, 2000) . In the present study, the wild population (YG) was collected in the Yangon River (Myanmar), which is a rich source of genetic diversity based on genetic allelic richness and He ( Table 4 ). The phenomenon suggested that the wild population may be utilized to improve genetic diversity for their breeding program. In contrast, the GX and AY populations of cultured populations from China and Thailand possessed relatively fewer genetic resources. In the GFP aquaculture history of China, approximately 90% of the GFP seeds used in production are the offspring of the stock introduced about 25 years ago (Miao and Ge, 2002) , and numerous private hatcheries have been utilizing broodstock identified as local strains to produce larvae in Thailand (Chareontawee et al., 2007) . These cultured populations are probably a result of being both closed and small for a long period. Additional investigation on the genetic resources of these cultured populations should therefore be performed to verify the specific causes.
Another major outcome of the study was gaining a better understanding of the level and pattern of genetic diversity present in some available GFP strains in China and some populations in Southeast Asia, which would be suitable for a stock improvement program or intraspecific hybridization. Based on the AMOVA results, the proportion of genetic variation attributed to differences among groups in this study was approximately 7.772%, whereas the proportion attributed to 'among populations within groups' was 3.869% in the total genetic variation ( Table 6 ), indicating that wild population and cultured populations should not be derived from the same source. This phenomenon was also confirmed with the NJ tree, which showed two clusters of wild populations and all the cultured populations (Figure 3) . However, the wild population (YG) was an independent group, and all the cultured populations were divided into two parts (part 1 including the AY, KL, and GDB populations, and part 2 including the GX, GDA, and ZJ populations) when K = 3 based on the STRUCTURE analysis ( Figure 5) . Furthermore, similar results were obtained using the PCA (Figure 4) . It is thus speculated that all the cultured populations were derived from other resources rather than the resources of Myanmar.
In the cultured populations, the analysis of GFP genetic identity confirmed that the cultured populations in China have relatively high similarity with those in Thailand and Malaysia (Table 5) , indicating these commercial hatchery stocks in China are still derived mainly from the Southeast Asian resource. On the contrary, the AY, KL, and GDB populations were of the same origin, whereas the GX, GDA, and ZJ populations were from another similar resource based on the STRUCTURE analysis ( Figure 5) . The results further suggested that these cultured populations of Southeast Asia were not derived from a single resource. Although we could not confirm the origin of cultured GFP populations based on the current research results, Thanh et al. (2015) thought that some cultured populations in China might have originated from a wild source of the Mekong or the Dong Nai River in Vietnam. Thus, further studies on the origin of GFP cultured resources are needed using representative wild populations coming from different regions of Southeast Asia.
CONCLUSION
In conclusion, this study documented that the 17 SSR loci, including the 12 novel SSR loci obtained in this study, are useful in analyzing the relationships and genetic diversity in the cultured and wild GFP populations in Southeast Asia. Furthermore, the study provides a baseline for genetic investigation of GFP resources and practical guidelines for the hatchery industry. A proper management program of local hatchery stocks is required to preserve the genetic diversity for continued and sustainable development of GFP aquaculture.
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